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Abstract: The microstructure of Cu80Fe10Ni10  at. %  granular ribbons was investigated by means of three-dimensional 
field ion microscopy  3D FIM . This ribbon is composed of magnetic precipitates embedded in a nonmagnetic matrix. 
The magnetic precipitates have a diameter smaller than 5 nm in the as-spun state and are coherent with the matrix. No 
accurate characterization of such a microstructure has been performed so far. A tomographic characterization of the 
microstructure of melt spun and annealed Cu80Fe10Ni10 ribbon was achieved with 3D FIM at the atomic scale. A precise 
determination of the size distribution, number density, and distance between the precipitates was carried out. The mean 
diameter for the precipitates is 4 nm in the as-spun state. After 2 h at 3508C, there is an increase of the size of the 
precipitates, while after 2 h at 4008C the mean diameter of the precipitates decreases. Those data were used as inputs in 
models that describe the magnetic and magnetoresistive properties of this alloy. 
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IN T R O D U C T I O N 
 
Relatively high giant magneto resistance  GMR  values were measured on CuFeNi melt spun ribbons  Chen et al., 1994, 
1996; Martins et al., 1998; Martins & Missel, 1999; Baricco et al., 2004 . This GMR effect is attributed to the presence 
of fine scale magnetic precipitates embedded in a nonmagnetic matrix. In granular alloys, the GMR effect is strongly 
depen-dent on microstructural parameters, such as the precipitate size distribution, the composition of the matrix and of 
the precipitates, the precipitates number density, and the dis-tance between precipitates and their morphology. Several 
models have been proposed to correlate the GMR effect and structural parameters  Chuang et al., 1985; Zhang & Levy, 
1993; Allia et al., 1995; Ferrari et al., 1997 . Zhang and Levy  1993  developed a model for which, in the case of a broad 
size distribution of the magnetic precipitates, a maximum of the GMR value is obtained for a critical particle diameter. 
Moreover, the model developed by Ferrari et al.  1997  takes into account the presence of superparamagnetic 
precipitates to describe the magneto resistance  MR  data. The size distri-butions of the precipitates as well as the 
saturation magneti-zation are used to calculate theoretical MR curves that can be compared with the experimental 
curves. The more pre-cise the inputs are in such fitting procedures, the easier it is to interpret agreements or deviations 
from the model. 
However, the structural parameters strongly depend on the history of each studied ribbon, in particular on the 
elaboration and subsequent heat treatment conditions. In Martins et al.  1998 , the composition of the ribbon was 
Cu80Fe10Ni10  at. %  and the structural parameters of the precipitates were deduced from magnetization curves and 
Mössbauer spectra. In addition, Mössbauer spectroscopy has made possible a link between structural and magnetic 
observations  Eymery et al., 1983, 2003; Richomme et al., 1996; Fnidiki et al., 1998; Lemoine et al., 1999; Juraszek et 
al., 2000; Duc et al., 2002 . Those magnetic analyses revealed the presence of fine body-centered cubic A-Fe 
precipitates with a radius slightly larger than 1 nm. In Martins and Missel  1999 , some spinodally decomposed  Fe,Ni -
rich zones were observed by high-resolution trans-mission electron microscopy  HRTEM  in a Cu63Fe18Ni19  at. %  
ribbon. In Baricco et al.  2004 , X-ray diffraction measurements were performed on Cu802xFe20Nix  x 5 0, 5, 20  ribbons 
indicating the presence of A-Fe for Cu80Fe20 and Cu75Fe20Ni5 ribbons. Other studies evidenced the pres-ence of fine 
scale face-centered cubic  fcc   Fe,Ni -rich precipitates embedded in a fcc Cu-rich matrix  Chen et al., 1994; Cazottes et 
al., 2008 . All those different microstruc-tures can be explained by the fact that the ribbons are in a nonequilibrium state 
and that their microstructures are highly dependent on the elaboration technique and param-eters. This bibliographical 
survey leads to the conclusion that each single ribbon should be characterized to get its own microstructural 
information. Moreover, there is a large discrepancy between the size observed using direct observa-tions, such as by 
transmission electron microscopy  TEM  or HRTEM, and the one derived from magnetization curves. These latter are 
usually underestimated as compared to direct observations when available. Considering the small 
size of the precipitates and the fact that in this system the precipitates and the matrix have similar lattice parameters, it 
is quite difficult to determine precisely the size and size distribution of the particles using conventional TEM obser-
vation  Cazottes et al., 2008 . Thus, alternative analytical techniques are required for the analysis of such samples. 
This article presents a newly developed technique, namely three-dimensional field ion microscopy  3D FIM   
Jessner et al., 2007; Vurpillot et al., 2007; Semboshi et al., 2009 , for a precise characterization of the size, the 
morphol-ogy, and the structure of the precipitates in Cu80Fe10Ni10  at. %  ribbons, in its as-spun and annealed at 
different temperature conditions. 
 
MA T E R I A L S  A N D  ME T H O D S 
 
Sample Preparation 
 
Master alloys of Cu80Fe10Ni10  at. %  have been prepared by arc melting of pure elements. Ribbons were obtained by a 
planar-flow casting process in an inert atmosphere using a Cu-Zr wheel. Typical values for overpressure and peripheral 
wheel velocity were around 0.4 atm and 18 ms
21
, respec-tively. The ribbons were 5 mm wide, 60 Mm thick, and several 
meters long. Literature reports good GMR proper-ties for such ribbons after annealing at 4008C for 2 h  Martins et al., 
1998 . To determine the parameters influenc-ing the evolution of the GMR, a structural analysis was made on ribbons in 
the as-spun condition and annealed at 3508C and at 4008C for the same duration. 
FIM samples were prepared in the form of sharp tips with a radius of curvature close to 50 nm. Tips were 
prepared by electropolishing @10 g Na2CrO4  H2O 4 1 100 mL acetic acid, 8 V, 300 K# and then thinned with a 
focused ion beam  FIB  using annular milling at 30 kV  Larson et al., 1999 . Tips made out of CuFeNi ribbons are 
very brittle at the observation temperature  usually 20 to 40 K , and the high electric field applied to the tip often 
causes the failure of the specimen. With hydrogen and a high temperature, the failure probability is lowered and the 
success rate for the observation is higher. Field ion micrographs were obtained using hydrogen as the imaging gas  
pressure of 2 3 10
23
 Pa . The hydrogen was also chosen because it reinforces the contrast between the two phases. 
The tip temperature was 110 K. 
 
Field Ion Microscopy 
 
FIM is based on field ionization  Wei et al., 1981; Cerezo et al., 1992; Blavette et al., 1993; Miller et al., 1996; Vau-
mousse et al., 2003; Vurpillot et al., 2007 . For that purpose, tips are submitted to a high positive voltage  3–15 kV . The 
image of the surface of the tip is produced by the field ionization of gas atoms at the tip surface by the projection of the 
atoms onto a screen. By increasing the potential applied to the tip, individual atoms from the surface are evaporated, so 
that the sample can be imaged in its depth. 
The evaporation sequence is recorded on a digital cam-era. Individual digital micrographs can be extracted 
from the filmed sequence, which usually contains several minutes of data acquisition and represents the 
evaporation of several hundred atomic layers. Each micrograph is a snapshot of the sample atomic surface at a 
certain evaporation depth. As the  Fe,Ni -rich phase has a higher evaporation field than the copper matrix, it 
appears in bright contrast in the darker Cu-rich matrix. Individual micrographs are used to reconstruct the 
evaporated volume in 3D, using Amirat software, according to the reconstruction procedure de-scribed in Vurpillot 
et al.  2007 . This tomographic recon-struction has a size of about 100 3 100 3 50 nm
3
. The digital definition of the 
final 3D image is about 500 3 500 3 1000 points  voxel size ; 0.2 3 0.2 3 0.05 nm
3
  . The lateral dimensions of the 
reconstructed volume were calibrated using the Drechsler method  Vurpillot et al., 2007 , whereas the depth scale 
was determined by counting the number of evaporated atomic planes. Considering their high evapora-tion field and 
the high temperature used, the precipitates are subject to the well-known local magnification effect  Miller & 
Hetherington, 1991 , and thus their lateral dimen-sions are overestimated. As mentioned in Vurpillot et al.  2007 , a 
linear voltage variation was applied to the speci-men in order to reach a constant evaporation rate. 
 
RE S U L T S 
 
3D FIM snapshots extracted from the evaporation sequence of the Cu80Fe10Ni10 as-spun ribbon are presented in Fig-
ures 1a and 1b. A large  Fe, Ni -rich precipitate is observed on the lower left-hand part of the micrographs. Its size 
corresponds to the one of large intergranular precipitates observed by energy filtered TEM  Cazottes et al., 2008   see 
Fig. 1c . On Figure 1b, at the interface between this precipi-tate and the Cu-rich matrix, a  111  pole is visible. As the 
characteristic circles are continuous within the two phases, the crystallographic lattice is continuous between the precip-
itate and the Cu-rich phase, indicating that this precipitate is coherent or at least semicoherent with the Cu matrix. 
Figure 2 presents the tomographic reconstruction of the as-spun ribbon. Although no intragranular precipitate 
is visible on two-dimensional  2D  micrographs  see Fig. 1 , a contrast appears on the tomographic representation 
indicat-ing the presence of the  Fe, Ni -rich precipitates. Revealing hidden contrasts is a major advantage of 3D 
FIM analysis. A second advantage is to provide a fully 3D reconstruction at the near atomic level, which allows 
accurate size distribu-tion measurements, distance distribution measurements, and morphology measurements. 
Figure 3 shows atomic planes that are visible inside the intergranular  Fe, Ni  precipitate. 
The presence of precipitates clearly indicates that, dur-ing quenching, the cooling rate was not high enough to 
prevent the precipitation of  Fe, Ni -rich precipitates and thus produces a single phase solid solution. After exploring the 
volume in different directions, it is clear that the precip-itates are not interconnected even if their density is very high 
and if they sometimes are in contact. The precipitates appear roughly spherical and their diameter was measured 
directly on the volume  see Fig. 3 . Note that some artificial deformations of the precipitates are observed at the border 
of the volume due to incorrect reconstructions far from the tip axis. For these angles, both the projection law and the tip 
shape assumption  hemispherical shape  are rather rough approximations. To avoid these artifacts, regions of the border 
of the volume will be removed for all statistical measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. a, b: FIM image of the as-spun Cu80Fe10Ni10 under a hydrogen pressure of 2 3 10
25
 Torr. The diameter of the 
imaging area is approximately 100 nm. A large precipitate appears at a grain boundary in the left-hand bottom part, but 
no small precipitates are visible inside the grains. Note the presence of 4  111  type crystallographic poles, indexed by 
FIM simulation  bottom of the image . This kind of large precipitate is also observed by EFTEM. c: EFTEM iron map, 
where the bright zones are iron-enriched zones. The circle is an indication of the size of the surface observed by FIM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Sections in the reconstructed volume of the Cu80Fe10Ni10 as-spun ribbon. The original micrograph lies in the  
xy  plane, and the volume is reconstructed along the z axis. 
 
An experimental size distribution has been extracted from this reconstructed volume. This distribution was fitted 
using the lognormal distribution commonly used for mag-netization curves modeling  Ferrari et al., 1997 . It gives a 
mean diameter ^D & of 4.1 nm and a dispersion S of 0.30 nm. The diameter is given with a precision of 0.5 nm and the 
dispersion with a precision of 0.01. The same experimental procedure was used for the 3508C and 4008C annealed 
sample. Figure 4 shows the precipitation observed in the sample annealed at 3508C for 2 h. The same kind of 
microstructure as in the as-spun sample was observed, which was also observed by energy filtered transmission 
  
 
 
Figure 3. Orthogonal slice in the reconstructed volume of the as-spun ribbon. Only in the 3D reconstruction, the 
precipitates appear in three dimensions. The white bar represents 30 nm. The image on the bottom is a zoom of the 
white rectangular area of the slide, exhibiting atomic planes. 
 
electron microscopy  EFTEM; Cazottes et al., 2008 . After 2 h at 3508C, there is an increase in the precipitate size, the 
mean diameter is 4.9 nm, and the dispersion is 0.27 nm. After annealing at 4008C for 2 h, the diameter is closed to the 
one of the as-spun sample with the mean diameter, ^D & 5 4.2 nm, and a distribution of 0.22 nm. The experi-mental 
distributions and their lognormal fits are presented in Figure 5. It is worth noting that the determination of the diameter 
and size distribution can be overestimated with 3D FIM, due to the local magnification effect on the recon-structed 
volume  Miller & Hetherington, 1991  and the use of hydrogen as the imaging gas. This artifact is systematic and 
generally more pronounced for very small precipitates  Blavette et al., 2001 . Since the ionization processes for the 
image gas and the surface atoms occur at slightly different positions and the trajectories of the ions are influenced by 
their neighbors, this artifact is less pronounced in FIM than in atom probe  Miller & Hetherington, 1991 . According to 
the local density measured in atom probe on this kind of sample, the average diameter of precipitates is overesti-mated 
by less than 20% in atom probe measurement. As a result, the accuracy of the precipitate diameters measured in FIM is 
about 20.5 nm/21 nm, considering the size of precipitates. Note also that single measurements of the diameter are given 
with a precision of 60.5 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. 3D FIM reconstruction of the sample annealed at 3508C for 2 h. The original image is represented in the  xy  
plane while the reconstructed images are represented along the z axis. 
 
  
Figure 5. Experimental  bars  and fitted  lines  size distributions measured by 3D FIM, for as-spun, 3508C and 4008C 
heat-treated samples. 
 
 
DI S C U S S I O N 
 
The major advantage of 3D FIM compared to EFTEM is the possibility of 3D particle counting, without any projection 
bias. By simply counting the precipitates that are in a given volume, the number density of precipitates can be 
determined from those analyses. The number density is given with an accuracy of 0.3 3 10
18
 part/cm
3
. It is 3.7 3 10
18
 
part/cm
3
 in the as-spun state; 1.7 3 10
18
 part/cm
3
 after annealing at 3508C for 2 h and 5.9 3 10
18
 part/cm
3
 for the sample 
annealed at 4008C for 2 h. 
As mentioned above, the distance between the precipi-tates is an important parameter for magnetoresistive mate-
rials  Chuang et al., 1985; Zhang & Levy, 1993; Allia et al., 1995; Ferrari et al., 1997 . Whereas distances measured in 
2D  as for example in TEM  are projected, real distances are measured in 3D. Using those 3D FIM volumes, a precise 
characterization of the precipitates is possible. The mean distance between precipitates d was calculated using the 
formula d 5 1/N 
1/3
 with N the number density of the precipitates. In the as-spun state, the mean distance between the 
precipitates is 6.4 nm, it reaches 8.4 nm after annealing at 3508C for 2 h and it decreases after annealing at 4008C for 2 
h to 5.5 nm. Those d parameters are given with an accuracy of 0.3 nm. Using the number density and the mean 
diameter of the precipitates, the volume fraction is given by fV 5 P{^D &
3
{N/6. It is, respectively, 13.3%, 10.4%, and 
22.8% for the as-spun, 3508C, and 4008C annealed samples. 
One other advantage of the 3D FIM is the size of the analyzed volume, which is, for this precipitate size, large 
enough to get a high number of precipitates and therefore good statistical measures, particularly if the size of the 
precipitates is distributed. As the diameter of the precipi-tates is overestimated, the evolution of their size distribu-tion 
with temperature is significant but not absolute. Conversely, the number density determined by simply count-ing the 
number of particles in a given volume is accurate as the reference volume is perfectly known. Also, the distance 
between particles, which is important for understanding magnetic properties in granular systems, is given with a very 
good accuracy. 
Diameters obtained by 3D FIM, combined with compo-sition determined by atom probe tomography, were used to 
calculate the mean magnetic moment ^M& of the precipi-tates, using the relation: M 5 x
Fe
M
Fe
 1 x
Ni
M
Ni
 1 x
Cu
M
Cu
 with x 
i
 
the composition of the precipitate in the element i and M
i
 the theoretical elemental magnetic moment of the element i . 
In our case, M
Fe
 5 1.34 MB , M
Ni
 5 0.63 MB , and M
Cu
 5 0 MB  Mishin et al., 2005 . The average magnetic moment per 
precipitate M is calculated using M 5 M{V{R with V the mean volume of the precipitates and R the atomic density of 
the precipitates. R is calculated from the lattice parameter determined by X-ray diffraction  XRD   Cazottes et al., 2008 . 
It is for the as-spun sample, ^M& 5 2238 MB  Cazottes et al., 2009b , which is very close to the value derived from 
magnetization measurements, ^Mfit & 5 2442 MB  Cazottes, 2008 . Those data were used to perform a thorough study on 
the relation between the microstruc-ture and the magnetic and magnetoresistive properties of such system  Cazottes, 
2008; Cazottes et al., 2009a . Intro-ducing the real magnetic moment of the precipitates in the model revealed that 
magnetic interactions between the precipitates were not negligible as often considered. An im-proved model was 
proposed  Cazottes, 2008; Cazottes et al., 2009a . 
 
CO N C L U S I O N S 
 
With the aim of providing accurate structural data that would help understanding transport properties in a granu-lar 
system, 3D FIM measurements were carried out. Using this newly developed technique, structural data such as size 
distribution, number density, and mean distance between the precipitates could be determined, while techniques such as 
XRD measurements and energy filtered imaging TEM did not provide convincing results for this kind of material. We 
have evidenced the presence of fine isostructural and coherent  Fe,Ni -rich precipitates inside a Cu-rich phase in 
Cu80Fe10Ni10  at. %  melt-spun and annealed ribbons. For the three different heat treatments, the microstructure is 
composed of two fcc phases: a Cu-rich matrix and small  Fe,Ni -rich precipitates located inside the grains. Using 3D 
FIM, we were able to visualize the  Fe,Ni -rich precipitates in three dimensions. In the as-spun state, the mean diam-eter 
of the precipitates is 4.1 nm. After annealing at 3508C for 2 h, it rises to 4.9 nm. The diameter of the precipitates is 
decreased after annealing at 4008C for 2 h, down to 4.2 nm. 
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